Primary cilia are ubiquitous, microtubule-based organelles that play diverse roles in sensory transduction in many eukaryotic cells. They interrogate the cellular environment through chemosensing, osmosensing, and mechanosensing using receptors and ion channels in the ciliary membrane. Little is known about the mechanical and structural properties of the cilium and how these properties contribute to ciliary perception. We probed the mechanical responses of primary cilia from kidney epithelial cells [Madin-Darby canine kidney-II (MDCK-II)], which sense fluid flow in renal ducts. We found that, on manipulation with an optical trap, cilia deflect by bending along their length and pivoting around an effective hinge located below the basal body. The calculated bending rigidity indicates weak microtubule doublet coupling. Primary cilia of MDCK cells lack interdoublet dynein motors. Nevertheless, we found that the organelles display active motility. 3D tracking showed correlated fluctuations of the cilium and basal body. These angular movements seemed random but were dependent on ATP and cytoplasmic myosin-II in the cell cortex. We conclude that force generation by the actin cytoskeleton surrounding the basal body results in active ciliary movement. We speculate that actin-driven ciliary movement might tune and calibrate ciliary sensory functions. 
Primary cilia are ubiquitous, microtubule-based organelles that play diverse roles in sensory transduction in many eukaryotic cells. They interrogate the cellular environment through chemosensing, osmosensing, and mechanosensing using receptors and ion channels in the ciliary membrane. Little is known about the mechanical and structural properties of the cilium and how these properties contribute to ciliary perception. We probed the mechanical responses of primary cilia from kidney epithelial cells [Madin-Darby canine kidney-II (MDCK-II)], which sense fluid flow in renal ducts. We found that, on manipulation with an optical trap, cilia deflect by bending along their length and pivoting around an effective hinge located below the basal body. The calculated bending rigidity indicates weak microtubule doublet coupling. Primary cilia of MDCK cells lack interdoublet dynein motors. Nevertheless, we found that the organelles display active motility. 3D tracking showed correlated fluctuations of the cilium and basal body. These angular movements seemed random but were dependent on ATP and cytoplasmic myosin-II in the cell cortex. We conclude that force generation by the actin cytoskeleton surrounding the basal body results in active ciliary movement. We speculate that actin-driven ciliary movement might tune and calibrate ciliary sensory functions. A living cell is a dynamic, nonequilibrium system dependent on chemical and mechanical communication with its environment. Communication is mediated in many mammalian cells by the primary cilium, a specialized antenna that typically extends from a cell's apical surface. The primary cilium, with its specialized and segregated membrane compartment, has emerged as a key signaling center that transduces mechanical and chemical extracellular cues (1) (2) (3) (4) . Flow detection in the kidney epithelium promotes cell homeostasis, whereas defects in sensing or signaling can lead to polycystic kidney disease (5) . Forces generated by fluid flow are thought to lead to Ca 2+ influx through a transient receptor potential (TRP) family Ca 2+ channel in the ciliary membrane, polycystin-2 (PC2) (6) (7) (8) (9) (Fig. 1A ). It has also been shown that ciliary mechanosensation regulates kidney epithelial cell size through the mammalian target-of-rapamycin pathway independent of Ca 2+ transients (10) . How do the mechanical properties of the cilium facilitate these cellular responses? Both bending and pivoting could trigger membrane channels. Previous studies have used fluid flow to estimate primary cilium bending stiffness based on deformation profiles (11) (12) (13) (14) , but the precise mechanical properties of the cilium remain unknown. It is likely that mechanosensation needs subtle coordination and calibration of the intracellular machinery involving adaptation and feedback mechanisms reacting to external stimuli, such as is the case in mammalian inner-ear cells, where active mechanical processes are crucial for hearing acuity (15, 16) . We here applied micromanipulation and imaging methods to measure the mechanical properties of primary cilia, their cellular anchoring, and their fluctuations.
The core of the primary cilium is an axoneme made up of microtubules. Nine microtubule doublets extend from the cylindrical basal body formed by the cell's mother centriole and provide the mechanical backbone of the cilium. Unlike beating cilia and flagella (9 + 2 cilia), primary cilia (9 + 0 cilia) lack a central microtubule doublet and cross-linking supports. As a consequence, the doublet microtubules can lose their ninefold symmetry as they extend away from the basal body. Electron micrographs have revealed so-called 9v arrangements in distal portions of cilia, in which the number of microtubule doublets varies from the usual nine down to a single doublet (17) . These fundamental structural differences are expected to make the elastic properties of 9 + 0 cilia distinctly different from those of 9 + 2 cilia.
Most 9 + 0 primary cilia are presumed to be passive sensors because they lack the dynein motors that drive beating of active cilia (18) , with one exception: motile 9 + 0 cilia in the organizer node of early embryos possess dynein arms and drive fluid flow (19) . Cilia in the epithelium lining renal ducts are thought to passively respond to flow in the ducts. Surprisingly, we found active ciliary fluctuations. Even in the absence of dyneins, internal activity in the cell can cause cilia to move, just as a skyscraper can sway because of both wind and an earthquake. The mechanical properties of the cilium and its anchoring inside the cell determine the response of the assembly to both external and internal forces. The distinct nonthermal component of cilium motion that we document here challenges the view that the cilium is a strictly immotile sensor and raises the possibility that endogenous cilium fluctuations may have a functional role.
Results
Flexural Rigidity of Primary Cilia. As an essential step toward understanding ciliary mechanosensation, we set out to characterize the elastic properties of both the cilium and its basal anchor in the cell. We used an optical trap to exert controlled forces on Significance A single primary cilium extends from the surface of many mammalian cells-often into an aqueous lumen, such as a kidney duct. In kidney epithelial cells, primary cilia are believed to sense fluid flow. This mechanosensory function is critical for proper organ function. Fluid flow is assumed to deflect cilia, leading to activation of transmembrane ion channels. This study defines the mechanical contributions of both bending and pivoting at the base to ciliary deflection. In addition, we report that active intracellular forces drive ciliary pivoting. This cell-directed cilia movement may be important for tuning ciliary mechanosensitivity. individual primary cilia of Madin-Darby canine kidney (MDCK) cells while imaging them with differential interference contrast microscopy ( Fig. 1 B and C) . Cilia develop in nondividing, polarized MDCK cells in culture after confluence is reached. Cells were grown to confluence on elastic polycarbonate membranes (PCMs) that were then folded and mounted in a microscope chamber, such that the cilia extended parallel to the specimen plane of the microscope (Materials and Methods). The orientation of cilia in MDCK cells is typically close to normal to the apical cell surface. This orientation is established and maintained by the anchoring of the basal body in the cell cortex and against the nucleus by distal appendages and striated rootlets (20) . The microtubule doublets of the ciliary axoneme are likely to be the main contributors to the cilium's flexural rigidity (Fig. 1A) . To assess how the microtubule doublets are mechanically coupled in the cilium, we first measured its flexural rigidity. For a columnar bundle of rod-like filaments, the flexural rigidity depends strongly on the degree of lateral cross-linking and varies with the individual filament flexural rigidity as (21)
where E is the Young's modulus of the (assumed to be) homogeneous material composing the filaments (here microtubule doublets), I B and I f are geometrical factors, EI B is the flexural rigidity of the bundle, EI f is the flexural rigidity of an individual filament (microtubule doublet), N is the number of filaments, and α is an exponent that varies between one and three depending on the cross-linking within the bundle (assumed to be a hollow cylinder with a wall strength of one filament and a circular cross-section) (21). In the limit of weak cross-linking (α = 1), the bundle rigidity is the sum of the flexural rigidities of the N individual filaments. In the strongly cross-linked regime (α = 3), the bundle rigidity corresponds to the flexural rigidity of a solid, thin shell of circular cross-section. Because n = 9, Eq. 1 predicts that the degree of interdoublet cross-linking in the cilium strongly affects its flexural rigidity. The conspicuous absence of interdoublet structures in 9 + 0 cilia suggests that they might be more flexible than 9 + 2 cilia (22) . To directly measure bending stiffness, we used two different approaches (Table 1) . First, in the bend and relax experiments (Movie S1), we laterally displaced the tips of cilia with an optical trap and watched the time course of the tip relaxation to its equilibrium position ( Fig. 2A) . At low Reynolds number (here ∼ 10 −6 ), the relaxation time constant depends on the balance between the elastic restoring force acting on the cilium and the viscous drag produced by the external medium, leading to a simple exponential relaxation curve (23, 24) . For small bending angles, the time constant is related to the bending stiffness EI B approximately as yðtÞ ≈ yð0Þe −rt ; where r = EIk
where yðtÞ designates the tip position parallel to the cell monolayer at time t, L is the length of the cilium, ζ = 2:3 × 10 mPa · s is the drag on a cylinder with the cilium's dimensions (10 μm in length and 200 nm in diameter), and k 1 ≈ 1:89 is the coefficient associated with the lowest-order mode in the family of solutions to the equations of motion for a slender rod with one end clamped and one end free (24) . Second, in the bead-attached bending experiments, we used the optical trap to deflect a cilium with the help of an attached silica bead of 1.5 μm in diameter and measured the force needed to bend the cilium by a given amount (SI Materials and Methods, Fig. S1 , and Movie S2). The disadvantages of the latter method were (i) that the proximity of the refractile cell monolayer and PCM typically perturbed the force signal and (ii) that cell debris accumulated in the trap from the culture medium, which added to the force measurement error.
The values that we measured from the two methods agreed within a factor of two, with the bead-attached bending experiments yielding EI B = 2.5 ± 1.5 × 10 . Given the number of microtubules (n = 9; expression 1) and the reported bending stiffness of microtubules, we, therefore, conclude that α ≈ 1. In other words, a weak-coupling model best explains the measured values. Although we do not account for it, the nine microtubule doublets might each be somewhat more rigid than a single microtubule. However, strong coupling would lead to an about 10-fold stiffer response, which should be easily distinguishable. Weak coupling is consistent with the lack of interdoublet structural proteins in the primary cilium as well as reports showing the gradual loss of columnar order in the primary cilium along its length (17) . Assuming weak coupling (α = 1 in Eq. 1), we estimate the stiffness of a single microtubule doublet to be 0. The stiffness values that we measured for the primary cilium are 100-1,000 times lower than those of sperm flagella, consistent with the highly cross-linked structure of the latter (31, 32) .
Viscoelastic Anchoring of Primary Cilia. When we closely examined the relaxation curves of cilia from the bend and relax experiments, we found systematic deviations from single-exponential time dependence. Tip relaxation curves could typically be better fit by a sum of two exponentials (Fig. 2B) . Initial fast relaxation occurs on the order of hundreds of milliseconds followed by a slower reorientation of the cilium to its resting position normal to the cell surface (Movie S1). This evidence points to a viscoelastically hinged rather than a rigidly clamped boundary condition (BC) for ciliary deflection.
[By clamped BC, we mean y(z = 0) = 0 and dy/dzj x = 0 = 0, where y measures displacement parallel to the cell surface and z measures position along the cilium, with z = 0 corresponding to the cilium attachment point at the cell. In the case of a limited hinge, the first condition still holds, but the second does not. Rather, deviations in slope away from zero (i.e., normal to the cell surface) are penalized by an elastic energy cost.] Two characteristic relaxation times can arise from the effective drag coefficients for ciliary hinging and bending and their respective elastic restoring forces. We can draw a rough conclusion about the ratio between internal and external drag coefficients from the fact that we observed two clearly distinct relaxation times. The slower overall reorientation dynamics mean that cell-internal viscous drag must dominate over external fluid drag on the cilium. This fact can be seen as follows. The amplitudes of the two deflections, cilium bending and hinge pivoting, were roughly equal. This observation implies that the effective elastic constants were roughly equal as well, with the bending elastic constant, of course, depending on cilium length. Although the bend relaxation is only determined by the cell-external drag, the pivoting relaxation feels both internal and external drag. If the internal drag was small and the relaxation was dominated by external drag, then the two relaxation times should be close to equal. Because they are not, the cell-internal drag must dominate over the pivoting relaxation. Based on these results, we conclude that cilium deflection under external force involves both axoneme bending and cilium base pivoting. We extracted the bending stiffness values quoted in Table 1 by fitting EI B to the fast decay time constant, because it is evident from Movie S1 that the backbone curvature relaxes on the fast timescale. However, the existence of a hinge at the cilium base modifies the coefficient k 1 in Eq. 2 and leads to a systematic underestimate of the values given in Table 1 by an amount dependent on the ratio of the cilium bending stiffness to the compliance of the hinge at its base. From our estimates of this ratio, we conclude that the values for the bend and relax experiments in Table 1 represent an underestimate by 10% or less.
Spontaneous Angular Fluctuations of Primary Cilia. Even in the absence of external forcing by fluid flow or the optical trap, cilia exhibit angular fluctuations and, if long enough, detectable bending fluctuations. Given the micrometer-length scale of cilia, these fluctuations could be purely thermal. We recorded these spontaneous fluctuations of cilia with high temporal resolution. We then reconstructed the backbone of the cilium for each movie frame using a custom-written MATLAB algorithm (Fig.  3A ). An overlay of 6,500 backbones from one such movie is shown in Fig. 3B . The cilia that we analyzed moved within a limited range of angles over time, sweeping out a circular sector and giving the appearance of a stiff rod rotating on a limited hinge. To determine whether a hinged rigid rod is an accurate description of the spontaneous cilium motion as opposed to a bending rod with a fixed attachment angle, we plotted the angle between each point on the cilium and a reference line normal to the apical cell membrane in each frame. For the case of a hinged stiff rod, this angle would be constant along the rod, whereas a flexing rod would exhibit a distribution of angles along its length because of the nonzero curvature. The angles convincingly collapsed onto a single value (SI Materials and Methods and Figs. S2-S4) , which leads us to conclude that the main component of the spontaneous motion of short cilia (<10 μm) is a rigid rod pivoting around a hinge point inside the cell. The fact that internal flexing of the cilium was not detectable in the absence of strong external perturbations makes sense given the absence of dynein and the stiffness values reported above: purely thermal bending for a 10-μm-long cilium with a flexural rigidity value of 3 × 10 −23 N·m 2 and a clamped end at the cell surface would only result in average tip displacements on the order of 200 nm (hd
, where d 2 is the mean squared displacement) (33) , much less than the observed overall tip displacements (∼2 μm in Fig. 3B ).
Actively Driven Nonthermal Fluctuations. The evidence that cilia pivot around a hinge within the cell in the absence of an external force suggests that the orientation and the motion of primary cilia may be coupled to the mechanical activity of the cell cortex. To test for regular patterns in the motion of cilia, we established an additional assay that enabled us to track ciliary motion in 3D. We imaged confluent layers of MDCK cells with fluorescently labeled cilia grown on a coverslip with a spinning disk confocal microscope in an en face geometry. To maximize temporal resolution, we undersampled focal planes in the z dimension. As a result, each cilium looks like beads on a string in a maximum intensity projection of a single stack (Fig. 3C and Movie S3). We used the SpotTracker ImageJ plugin (34) to track time trajectories in each confocal plane, then reconstructed the cilium backbone along three dimensions with MATLAB, and examined position fluctuations over time ( Fig. 3D and Movie S4). To compare the 3D data to the 2D data, we projected the movement of the cilium along one axis (x or y) and analyzed the variance along the length of the cilium. Plots of the transverse variance along the cilium length revealed no significant difference between the side-view experiments and the en face experiments (Fig. 4A ) and confirmed the hinged pivoting motions. We performed confocal imaging experiments at room temperature as well as 37°C and found similar behavior (Fig. 4A) .
The en face experiments allowed us to look for anisotropy of the 9 + 0 ciliary motion, which could reflect constraining anchoring conditions or anisotropic active driving. It is known that 9 + 2 motile cilia perform strongly anisotropic motions, with their beating stroke occurring in a plane defined by their singular basal foot, which extends from the basal body (35) . Basal feet in primary cilia vary in number from two to five (36) and have been proposed to stabilize the cilium (Fig. 1A) . We conjectured that a particular arrangement of basal feet could lead to anisotropic motion in the primary cilium as well. To test for anisotropy, we analyzed thresholded maximum intensity projections from confocal movies in a plane 4 μm above the apical cell surface. We observed no obvious regular pattern, such as motion on a circle or arc. We next determined the eccentricity « of the best-fit ellipse to the maximum intensity pattern in the intersecting plane and plotted a histogram of the eccentricity values (Fig. 3C, Inset) . For perfectly isotropic motion, « = 1, whereas for motion entirely along one dimension, « = 0. We see a broad distribution of values with an average « = 0.79 ± 0.12, indicating, at most, weak anisotropy in the cilium motion (eccentricity is a biased indicator, and any noise leads to values of « < 1). The embedding of the cilium in the cell through its basal feet, thus, does not create a favored plane of motion, or there is enough variation in the number and arrangement of feet among cilia that no clear trend emerges.
Because cilia are microscopic in size, thermal Brownian motion will be at least part of their observed fluctuations. However, it is possible that cilium motion has an actively driven component, despite the fact that they contain no dynein motors. Cells are nonequilibrium systems with vigorous cytoskeletal dynamics. Aggregate random forces generated by stochastic motor activity have recently been documented to stir the cytoplasm (37) and enhance the transport of small proteins and organelles in the cytoplasm (38) . The basal body is embedded in the actin cortex (Figs. 1A and 5) , and recent work showed that focal adhesion proteins localize near the basal body and indicates a link between cilia and the myosin-containing actin meshwork in the cell cortex (39). Because we have established that pivoting around a cellinternal hinge is a key aspect of primary cilia movement, cortical actin-myosin fluctuations could exert forces at or above the effective hinge, which could then be translated into angular motion of the primary cilium.
To test this possibility, we analyzed cilium motion in the presence of biochemical perturbations. We quantified cilia movement in the side-view geometry by calculating the angular mean-squared displacement (MSD). We found that, in unperturbed control cells, the angular MSD grew subdiffusively with time, with a power law exponent of ∼ 0:66 (Fig. 4B ). Subdiffusive exponents < 1 are expected generically in thermally driven, viscoelastically confined systems, where Brownian motion is influenced by the elasticity of the surrounding matrix (40) . In the cell cytoskeleton, one would expect to see thermal motions only at short times of 100 ms or less, whereas at longer times, nonthermal, actively driven cytoskeletal fluctuations typically take over (41) . Direct methods to test for active cytoskeletal driving are to either deplete the energy supply or disable specific motor proteins. Intriguingly, both depletion of ATP and treatment of ciliated MDCK cells with blebbistatin, a nonmuscle myosin II motor inhibitor (42), led to a significant drop in the overall angular MSD amplitude of ciliary motion. Furthermore, both treatments resulted in a much lower power law scaling exponent of ∼ 0:21 (Fig. 4B) . The large drop in fluctuation amplitudes is indicative of a strong active component in the motion of primary cilia. We found a comparable drop in ciliary fluctuations on ATP depletion in the confocal en face experiments at 37°C (Fig. 4A) , indicating that the activity is not dependent on temperature or geometry. Because ATP depletion and blebbistatin treatment led to identical suppression of spontaneous fluctuations, we surmise that actin-myosin activity-acting on the cilium base and the basal body, which is embedded in the actin cortextranslates cellular fluctuations into ciliary movements.
Cilium and Centrosome Fluctuations Are Positively Correlated. The cilium grows from the mother centriole, which forms the basal body, and is, in turn, connected to the daughter centriole and the nucleus through bundles of microtubules, the striated rootlets, and the striated connector (Fig. 1A) (36) . This whole complex is embedded in the actin cortex during ciliogenesis (Fig. 5) (20) . To localize the pivot point in this complex, we tracked both cilium and centriole positions simultaneously in cells expressing emerald-melanin-concentrating hormone receptor-1 (a ciliary membrane protein) and monomeric red fluorescent protein fused to the pericentrin-AKAP450 centrosomal targeting domain (mRFP-PACT; a centrosome marker). If the hinge point precisely coincided with the basal body, we would expect no correlation between cilium and basal body fluctuations. However, if the hinge point was below or above the centrioles, the fluctuations would be Fig. 4 . Analysis of ciliary fluctuations. (A) Variance of the cilium's transverse position along its length for side-viewed cells imaged in differential interference contrast (blue circles, n = 14) and from confocal stacks of fluorescently labeled cells at room temperature (RT; 21°C) and 37°C and ATP-depleted cells at 37°C (yellow, n = 10; red, n = 6; and green, n = 18, respectively). (B) Angular MSD vs. lag time for control (blue, n = 14), ATP-depleted (green, n = 9), and blebbistatin-treated (Blebb; 50 μM; red, n = 9) cells. correlated or anticorrelated, respectively. PACT labeling was visible on both the daughter centriole and the basal body; however, to maximize temporal resolution, we recorded only the focal plane containing the basal body. Fig. 6A shows a time series of fluctuations for a cilium-centrosome pair, and Fig. 6B shows the associated correlation plot. In the majority of cases, cilium and centrosome fluctuations were well-correlated (r x,avg = 0.60 ± 0.43 and r y,avg = 0.78 ± 0.09); their Pearson correlation coefficients are listed in Table 2 . Because the correlations in all but one case are positive, we conclude that the hinge point of the ciliary motion must be located below the centrosome, somewhere closer to the nucleus, such as depicted in Fig. 6B , Inset.
Discussion
Deflection of the primary cilium in MDCK kidney epithelial cells occurs through a combination of bending and pivoting. We characterized the flexural rigidity of cilium bending and determined that the pivot point for the limited hinge is located below the basal body. In contrast to the current paradigm that primary cilia are immotile, our experiments revealed that primary cilia perform cell-directed active movements. Fluctuations in the actin-myosin network seem to act above the pivot point to cause correlated centrosome and cilia movements.
The primary cilium is soft compared with motile axonemes. The bending stiffness of 9 + 0 cilia is only on the order of 1-10 times that of an individual microtubule, whereas 9 + 2 axonemes are 100-1,000 times stiffer than primary cilia. The bending stiffness of the cilium and the mechanical nature of its attachment to the cell body will affect functional aspects of mechanosensing, such as cell membrane tension or shear strain in the whole organelle. These parameters, in turn, should affect the location and gating of mechanosensitive channels, about which there has been some debate (6, 7, 43, 44) . Our results allow us to speculate further about plausible sensory mechanisms. Because the system has a hinged BC, it has an additional rotational degree of freedom compared with a system with a clamped BC, and therefore, tension in the ciliary membrane caused by externally imposed curvature should be lower at a given tip deflection than in the clamped case. The additional rotational degree of freedom allows the cilium to deflect farther in a given flow field before bending. Whereas mechanosensitive channels at the base could be triggered when the cilium pivots, greater flow forces would be required to trigger channels along the length of the cilium. Thus, we speculate that channels located at the base might be more responsive to weak flow than channels located along the cilium length. In addition, channels might be gated by cytoskeletal attachments through shear between the plasma membrane, the ECM, and the axoneme.
Transmission of force from the actin cortex to the cilium might occur through simple steric interactions or specific connections to the cytoskeleton through striated rootlets (20) or basal bodyassociated focal adhesion proteins (39, 45) . The hinging degree of freedom could be important for other cellular processes, such as ciliary orientation in migrating fibroblasts, which have been found to align their cilia in their direction of motion (4) . The previously unidentified actively driven cilium motion quantified here has an origin that is very different from the dynein motors driving beating in 9 + 2 cilia. The correlation between ciliary fluctuations and both myosin II activity and basal body movements shows that primary cilia motions report underlying cortical dynamics. One could compare the primary cilium with an antenna that has both receiving and transmitting functions. The question remains what the physiological role of such activity might be. A very basic function might be to establish and maintain the overall orientation of the cilium normal to the apical cell surface. The existence of cell-directed pivoting raises the intriguing possibility that active fluctuations could be integrated into feedback loops that have a functional role in tuning the response to extracellular forces, possibly similar to what is known to occur in inner-ear hair cells (15, 16) . Speculatively, cell-directed ciliary pivoting could gate base-located ion channels, leading to a rise in ciliary calcium levels, which could bring signaling pathways closer to the threshold for activation, effectively calibrating and sensitizing the response to flow. Interestingly, previous reports have shown that myosin II motor inhibition with the Rho-kinase inhibitor Y27632 abolishes the flow-induced calcium response of murine epithelial kidney cells (46) . Furthermore, there is evidence that the Lkb1 pathway in mammalian target-of-rapamycin signaling is locally activated at the cilia basal body through ciliary flow sensing, highlighting another possible physiological role for ciliary fluctuations (10) .
The connection between the actin cytoskeleton and primary cilia is just beginning to be appreciated. A screen for proteins that effect ciliary length revealed that depletion of actin regulatory proteins significantly reduces cilium formation (47) . In addition, that study showed that inhibiting actin polymerization with cytochalasin D promotes cilia formation (47) . The challenge now is to understand the integrated function of the primary cilium and the dynamic actin-myosin cell cortex.
Materials and Methods
Cell Culture. MDCK-II cells (a gift from Andreas Janshoff, Georg-August Universität, Göttingen, Germany) were cultured in MEM with 2 mM L-glutamine, 1% penicillin-streptomycin, and 10% (vol/vol) FBS. Cells for the edge-viewing experiments were imaged 1-2 d after full confluence (5-7 d after seeding) on poly-L-lysine-coated PCMs. For confocal experiments, cells were cultured on LabTek cover glass chambers in MEM with 3 mM L-glutamine and 960 μg/mL Geneticin (G-418) for selection of transfected cells.
Transfection. Cells for the confocal experiments were stably transfected with smoothened YFP (48), Smoothened Tomato (49), or emerald-melanin-concentrating hormone receptor-1 (created by Michael Davidson, National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL), and those used in the centrosome-tracking experiments were additionally transfected with mRFP PACT (created by Alex Ritter, National Institutes of Health, Bethesda). Transfection was done using the FuGene transfection reagent.
Imaging Chambers for Side-View Geometry. Imaging chambers were constructed out of a microscope slide and a coverslip sealed together on all sides with extrathin double-stick tape, creating a chamber ∼80 μm in height. Cells on PCMs were folded over for side viewing as described in ref. 50 . PCMs were mounted in the chamber with ∼50 μL medium. ATP Depletion. Cells were incubated in glucose-free DMEM solution for 3 h at 37°C. Then, Antimycin A and 2-Deoxy-D-glucose were added to final concentrations of 10 μM and 10 mM, respectively. The cells were incubated 10-15 min at 37°C and mounted in the glucose-free Antimycin A-and 2-Deoxy-D-glucose-containing solution for video-tracking experiments.
Microscopy. Edge-viewing experiments were performed using the custombuilt differential interference contrast/opticaltrapping setup described in ref.
51. Images were acquired with an MTI analog camera at a rate of 25 Hz and read out through a frame grabber card and a custom-written LabView VI. Confocal experiments were performed with a 63× objective on a Marianas Intelligent Imaging Innovations spinning disk confocal, and frames were acquired at ∼2 Hz.
EM. MDCK-II cells were cultured on Nunc glass transwells (Thermo Scientific) 2 d after full confluence. Membranes were extracted, and samples were prepared for EM by rotary shadowing as previously described (52) . Metal replicas were then separated from the glass by floating them on 10% bleach to remove organic materials and mounted on EM grids. Images were acquired at 80 kV.
Data Analysis. Tracking of cilia in the confocal data was done using the ImageJ plugin SpotTracker (34) . Reconstruction and analysis were done in MATLAB. Edge-viewing tracking and analysis were done using custom-written MATLAB routines.
